AlGaN/GaN high electron mobility transistors (HEMTs) grown on Si substrates have attracted a great interest for power electronics applications. Despite the low cost of the Si substrate, the breakdown voltage (V bk ) of AlGaN/GaN HEMTs grown on Si (less than 600 V for 2 μm total nitride epilayer [1, 4]) is much lower than that grown on SiC (1.9 kV for 2 μm total epi-layer [2]). Although several approaches have been reported to improve V bk [1, 3 and 4], the breakdown mechanism in these transistors is still not well understood. It is suggested in [4] that the GaN-to-Si substrate vertical leakage limits the maximum breakdown of the AlGaN/GaN HEMTs on Si. To study this phenomena we measured the vertical leakage current between an ohmic contact on the GaN surface and the Si substrate (Fig.1 ). The leakage current shows a strong asymmetry on the polarity of the bias voltage. The leakage current starts to increase at a positive bias of 100 V between the GaN and the substrate, while a negative bias of 290 V is needed for the same amount of leakage. This asymmetry of the ohmic contact results in an unbalanced voltage distribution in AlGaN/GaN power transistors, as shown in the lateral buffer breakdown measurement in Fig.2 . In this measurement, the Si substrate potential is recorded using a high impedance (20 MΩ) voltage meter while increasing the drain-to-source voltage. As shown in Fig. 2 , more voltage is dropped at the substrate-to-source region than at the drain-to-substrate region.
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The leakage mechanism is different in the forward biased drain-to-substrate and in the reverse biased source-to-substrate regions. 1) At forward drain-to-substrate bias, accumulation of holes is observed at a bias voltage of ~ 150V as shown in the increase of capacitance in Fig. 3(b) . At higher bias voltages, electrons are injected into the buffer from the Si substrate and annihilate with the holes, which reduces the capacitance as shown in Fig. 3 (b) and causes light emission ( Fig.3(c) ). As shown in the band diagram in Fig.3 (c), both the holes (generated in GaN through Schottky-Read-Hall generation) and the injected electrons from the Si substrate are thermally activated. The leakage current in forward drain-to-substrate bias is therefore increased with higher temperature as shown in Fig.1 . 2) At reverse source-to-substrate bias (flat C-V in Fig.3(a) ), electrons are injected from the source contact into the buffer and are trapped in the buffer, where they form a space charge region. The space charge region creates a nonuniform electric field distribution and eventually causes impact ionization in the buffer (positive temperature coefficient as shown in Fig. 1 ) for voltages between 300 V and 350 V. Assuming a uniform distribution of trapped electrons in the buffer, the calculated critical electric field is 3~3.5 MV/cm.
To eliminate the vertical breakdown of the AlGaN/GaN HEMTs on Si, we removed the Si substrate and transferred the AlGaN/GaN HEMTs to a glass wafer through wafer bonding. The device maximum current (Fig.4) is lower after bonding to the glass substrate due to increased self-heating. A device with L gd = 18 μm shows breakdown of 1370 V and on-resistance of 4.3 mΩ·cm 2 with very low leakage current (< 10 μA/mm) ( breakdown and an on-resistance of 5.3 mΩ·cm 2 is achieved on devices with L gd = 20 μm, which is beyond our power supply maximum output voltage. In summary, in this work we have identified two different mechanisms in the buffer breakdown of AlGaN/GaN HEMTs on Si substrates. First, the drain-to-substrate forward bias leakage is due to hole generation in the buffer and electron injection from the Si substrate into the buffer. Second, the source-to-substrate reverse bias breakdown is due to impact ionization. By removing the Si substrate the breakdown voltage of AlGaN/GaN HEMTs can be improved significantly.
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